Purpose: To develop a simple and practical formula for quantifying breast cancer-related lymphedema, accounting for both the asymmetry of upper extremities' volumes and their temporal changes. Methods and Materials: We analyzed bilateral perometer measurements of the upper extremity in a series of 677 women who prospectively underwent lymphedema screening during treatment for unilateral breast cancer at Massachusetts General Hospital between August 2005 and November 2008. Four sources of variation were analyzed: between repeated measurements on the same arm at the same session; between both arms at baseline (preoperative) visit; in follow-up measurements; and between patients. Effects of hand dominance, time since diagnosis and surgery, age, weight, and body mass index were also analyzed. Results: The statistical distribution of variation of measurements suggests that the ratio of volume ratios is most appropriate for quantification of both asymmetry and temporal changes. Therefore, we present the formula for relative volume change (RVC): RVC = (A 2 U 1 )/(U 2 A 1 ) À 1, where A 1 , A 2 are arm volumes on the side of the treated breast at two different time points, and U 1 , U 2 are volumes on the contralateral side. Relative volume change is not significantly associated with hand dominance, age, or time since diagnosis. Baseline weight correlates (p = 0.0074) with higher RVC; however, baseline body mass index or weight changes over time do not. Conclusions: We propose the use of the RVC formula to assess the presence and course of breast cancer-related lymphedema in clinical practice and research. Ó 2011 Elsevier Inc.
INTRODUCTION
Early detection and treatment of breast cancer-related lymphedema (BCRL) remains a challenge. Resulting as a complication of treatment, lymphedema is a swelling of the limb caused by an obstruction or alteration of lymphatic flow and is characterized by various microscopic and clinical changes. These changes may progress from reversible fluid accumulation, through pitting upon compression, and fibrosis, up to marked trophic changes as described in the staging classification of the International Society of Lymphology (1) . Problems related to the presence of lymphedema include a feeling of heaviness and fatigue in the limb, decreased physical activity, and functional difficulties (2) (3) (4) (5) (6) .
Although diagnosis of BCRL is currently based largely on physical examination, various quantitative and objective methods of assessment have been studied and are being introduced into routine patient care (7) (8) (9) . Among the quantitative measurements of BCRL, the most widespread is assessment of arm size, based on either the measurement of circumference or direct measurement of volume. Other objective methods include measurements of lymph flow, tonometry (to evaluate compressibility), and bioimpedance (7, (10) (11) (12) .
We present an approach for BCRL assessment that uses perometry (13) (14) (15) , a volume measurement technique that utilizes an array of moving optoelectronic infrared sensors (Fig. 1) . Perometry allows for fast, relatively accurate, and hygienic measurements of arm volumes and facilitates the routine monitoring of arm volumes in clinical practice. The reliability and accuracy of this method have been described previously (13) (14) (15) .
Unilateral BCRL is characterized by an asymmetric increase of the volume of the arm affected by breast surgery and radiation. Monitoring the volume of the affected arm alone may lead to errors and potential misdiagnosis because volume changes can occur in both affected and unaffected arms owing to changes in exercise behavior, hydration, and weight gain or loss. Therefore, accurate assessment of lymphedema relies on comparison with contralateral arm volume as well as earlier measurements of the same arm, usually before surgical intervention (16) . The need to take into account both comparisons was argued persuasively by Armer (7) , who noted that measurement of lymphedema by comparison with the other arm at only one time point is problematic, because it relies on an assumption of symmetry that is often false. Despite this suggestion, only few reported studies quantified lymphedema using both asymmetry and changes over time. Formulas that have been previously proposed, to address this goal, were not based on systematic study of measurement distributions and sometimes relied on unvalidated assumptions, for example that the volume of the unaffected arm does not change (17, 18) .
The lack of a standardized and reliable method of quantifying lymphedema has prevented establishment of a common definition of BCRL, has impeded comparison of different studies, and contributes to ongoing uncertainty regarding the epidemiology of BCRL, its clinical course, and response to treatment. Because of the lack of a standard definition, the incidence of BCRL after surgery for breast cancer has been reported to vary between 0 and 56% in various clinical studies (2) .
In addition to the problems associated with definition and measurement of lymphedema, there is no consensus in the literature as to how one should optimally express the volumetric changes. Should absolute (i.e., arithmetic differences) or relative changes (i.e., ratios) be used for the comparison of volumes between two arms, at different time points, or for different patient groups? Most investigators use the arithmetic difference between arm volumes or between earlier and subsequent measurements. However, appropriate quantification of the disparity between two sets of measurements depends on the underlying statistical distributions. Arithmetic difference between sample means is optimal with a normal distribution of measurements. Similarly, the ratio is optimal with log-normal distribution, because then logarithmtransformed measurements have a normal distribution and because the difference of two logarithms equals the logarithm of the ratio: log(a) À log(b) = log(a/b).
In this report, we analyze and discuss the statistical distribution of perometer measurements, separating variance components according to their different sources: as measurement variation in subsequent measurements performed on the same arm; as variation between left-and right-arm measurements performed at the same visit; as variation between patients; and as longitudinal variation over time. We model variance using a mixed model and analyze the effect of patient characteristics, such as age, hand dominance, weight, and body mass index. We propose a method of accurate measurement and construct a simple formula for the quantitative assessment of developing lymphedema. The formula could be widely applicable for the evaluation of its clinical course and response to treatment.
METHODS AND MATERIALS

Patients and data
Beginning August 2005, with approval of the Partners Institutional Review Board, we performed a prospective collection of bilateral arm volume measurements on breast cancer patients undergoing treatment at Massachusetts General Hospital. The perometer (Pero-System, Wuppertal, Germany) was used to measure both arm volumes preoperatively (at baseline) and then postoperatively: before and after both chemotherapy and radiotherapy, and additionally at 3-7-month intervals after treatment completion. In this analysis, we use 10,460 volume measurements performed on both arms during 2801 consecutive visits (i.e., we include all available data) of 677 consecutive patients, who had both presurgery (baseline) measurements performed between August 2005 and November 2008 and subsequent postoperative measurements. All these patients were treated surgically; 17% had surgery alone, 73% received radiotherapy, 42% received chemotherapy, and 32% received all three treatment modalities. During each visit, between one and three measurements were performed on each arm. The clinical characteristics of the patient population are described in Table 1 .
Perometer measurement
All patients were measured by the lymphedema studies clinical research coordinator. At a single sitting, patients were measured serially on the right and left arm, with up to three pairs (right and left) of measurements. Patients were positioned so that all measurements were taken from finger tip to axillary crease. The frame was moved at a slow and constant rate across the extremity. Throughout the course of this study, the measurement protocol was revised to increase accuracy of the measurements. Adjustments included number of serial measurements, order of measurements (we initially performed serial measurements of right arm followed by serial measurements of left arm, then switched to a scheme whereby measurements were performed in pairs: right and left arm, then right and left arm again, etc.), hand positioning, and angle of measurement.
Statistical methods
The analysis of measurement errors was performed using repeated measurements (two or three), performed on the same arm during a single visit. We calculate the percent discrepancy-the difference between larger and smaller of the first two repeated measurements as a percentage of their mean-and tabulate the percentage of patients with such discrepancies at the intervals 0-1%, 1-2%, 2-3%, 3-5%, and more than 5%. Subsequent analyses were performed with the representative measurement defined as the median of these repeated measurements. First, the analysis of patient-to-patient variation was performed using measurements of both arms during the baseline (preoperative) visit. The analysis of asymmetry between ipsilateral and contralateral arms was performed on baseline measurements, using volume differences and volume ratios. We also analyzed the statistical distribution of two measures of change (differences and ratios) between baseline and first postsurgery visit. We present the histograms and perform the Shapiro-Wilk test for normality (19) . Finally, the analysis of longitudinal variation was performed using postsurgery measurements in a mixed linear model (20) , assuming autoregressive correlation structure of serial measurements, whereby the fixed part of the model involved the ratio of ipsilateral to contralateral arm volumes at baseline, a B-spline function of time since surgery, time since diagnosis, patient weight (alternatively, body mass index), weight change, dominant hand, and age. The random part of the model included patient-specific intercept and logarithm of time since surgery. We used logarithmic transformation for asymmetry measure, time since diagnosis, and weight. Missing longitudinal weight measurements were replaced by the averaged weights of adjacent time points, otherwise the analysis was performed on patients with complete data. F tests were performed for fixed-effects covariates, and likelihood ratio tests for random-effects covariates.
RESULTS
Between May 2005 and November 2008, 677 consecutive women diagnosed with unilateral breast cancer were evaluated with the perometer at both preoperative (considered here as baseline) and postoperative visit(s). Table 1 shows the demographic and clinical characteristics of the patient population.
We performed a total of 5224 volume measurements of each arm, during 2798 patient visits. To evaluate the reliability of arm volume assessment, repeated measurements (two or three) of the same arm at the same sitting were taken during 2123 visits (76%). During each visit, all volumes were calculated using constant length of arm utilized for perometer measurements. Repeated measurements of both arms were obtained at baseline in 498 patients (74%). The variation of repeated baseline measurements was evaluated using the percent discrepancy, as defined above. Figure 2A shows the histogram of percent discrepancy of baseline measurements of the right arm, and Table 2 lists the fractions of patients with percent discrepancy in intervals (0-1%, 1-2%, 2-3%, 3-5%, and more than 5%) for right arm, left arm, and for the ratio of right to left arm volumes.
We defined the representative perometer measurement as the median of two or three repeated measurements (for n = 2, median by definition equals mean) and analyzed the variation of these representative measurements between patients, between arms, and over time. Figure 2B displays the histogram of representative ipsilateral-side arm volume measurement at baseline; these data exhibit substantial between-patient heterogeneity and left-skewed distribution. The statistical distribution of these measurements is log-normal rather than normal: the Shapiro-Wilk test rejected the hypothesis of normal distribution of volumes of both arms (both p values <10
À10
) and did not reject the hypothesis of log-normal distribution (p = 0.18 for the tumor-side arm and p = 0.34 for the opposite arm). As expected for baseline measurements, there was no statistically significant difference between representative measurements of tumor-ipsilateral and contralateral arms (p = 0.42, paired Wilcoxon test).
Next we investigated the statistical distribution of different measures of disparity between baseline volumes of Values are percentages. * Percentage of patients with discrepancies of the ratio of right to left (R/L) volumes magnified by O2 z 1.41 (as expected in assessment of R/L change over two time points). Abbreviations: RVC = relative volume change; A = ipsilateral arm; U = contralateral arm. Fig. 3 . Perometer protocol and appropriate positioning. Patient placement: Before completing a perometer measurement, patients are seated at the perometer perpendicular to the frame track. All jewelry and medical bracelets are removed, and all clothing is rolled up past the shoulder or removed. The first arm for measurement is positioned straight and parallel to the frame track so that it is at a 90 angle away from the body (A). Additionally, hand placement is assured to be flat, with all fingers held together (B, C). After completing the first measurement, the patient is rotated 180
, and this protocol is repeated for the opposite arm. Measurement parameters: The length of the measurement is determined by an individual patient's anatomy. The frame and hand rest are set at a length for which the axillary crease lies at the end of the track, in turn including the entire upper extremity within the reading frame for measurement (D). The length for all measurements at ipsilateral-side arm (A) and contralateral-side arm (U): the difference A À U, the ratio A/U, and the log-transformed ratio A/U. The hypothesis of normal distribution was rejected for all three cases, with p values, respectively <10 À10 , <10 À6 , and <10 À4 (Shapiro-Wilk test). The skewness coefficients were, respectively, 0.45, 0.53, and 0.34, showing that out of these disparity measures, log-transformed ratio A/U most closely approximated the normal distribution. Although baseline A/U might be expected near 1 for almost all patients, the ratio exhibited a remarkable variation, with 10th and 90th percentiles 0.954 and 1.053, respectively, and with 11.2% of patients having A/U in excess of 1.05.
In the next step, we examined the statistical distribution of various measures of change between baseline and a follow-up visit. Here our interest was primarily in the variation of normal cases, so we used the first postsurgery visit (on average, 56 days after surgery), at which relatively few patients might have yet developed lymphedema. We compared the following measures of change between baseline and postsurgery A/U ratios: the arithmetic difference of these ratios (A 1 /U 1 À A 0 /U 0 ), ratio of ratios [(A 1 /U 1) /(A 0 /U 0 )], and log-transformed ratio of ratios [log (A 1 /U 1) )/(A 0 /U 0 )]. The hypothesis of normal distribution was rejected by Shapiro-Wilk test for the first two instances, with p values, respectively, 0.031 and 0.003, but not so for the log-transformed ratio of ratios (p = 0.078, Shapiro-Wilk test), which points to log-normal distribution of the ratio of A/U ratios over time.
Our data comprise baseline, postsurgery, and follow-up measurements. Three or more serial measurements were available in 566 patients (84%), four or more in 394 (58%), five or more in 232 (34%), and six or more measurements in 134 (20%). To evaluate the effect of covariates on longitudinal variation of RVC we performed the analysis using a mixed-effects model among 228 patients who had five or more measurements and complete data (4 patients with missing data were excluded).
In the analysis of longitudinal variation of RVC (Table 3) , patient weight was the only covariate significantly associated with expected value of RVC (p = 0.0074, F test), among the following covariates: time elapsed since surgery, age, weight, weight change since baseline, dominant use of the ipsilateral arm, and time from diagnosis to baseline evaluation. Patients with higher baseline weight tended to develop higher RVC in follow-up; however, the effect was small because the doubling of a patient's body weight was only associated with increase of RVC by 2.2% (95% confidence interval, 0.9-3.4%). A similar analysis with body mass index in place of patient weight did not show any significant correlation of body mass index with RVC (data not shown).
Time since surgery was not associated with expected RVC; however, it was a highly significant factor affecting patient-to-patient variation of follow-up RVC (p < 0.0001, likelihood ratio test). Therefore, mean RVC did not increase significantly in a population as a whole, but patient-topatient variation changed over time, a fact that likely reflects the time course of developing lymphedema in a subset of patients.
Finally, we analyzed the effect of longitudinal variation in arm length measurement on perometer calculations. There was slight variation in the length of arm measured from visit to visit for most cases; however, volumes were always calculated using constant arm length during the visit. The effect of arm length on the expected value of RVC was not statistically significant (p = 0.4659, F test) using a mixed-effects model as described above with the inclusion of arm length as a covariate.
For the sake of better accuracy and consistency in measurement, we furthermore propose a measurement protocol that reflects the result of this analysis and our experience with the perometer (Fig. 3) .
DISCUSSION
Our study proposes a practical and straightforward measure of unilateral BCRL based on serial assessment of arm volume asymmetry. We used perometry to measure upper extremity volumes, and our data confirm the reliability of this technique (11, 13, 14) . The statistical distribution of measurement errors was skewed, with occasional large errors. The combined effect of measurement errors in both arms, evaluated as percent discrepancy of right-to-left volume ratios, exceeded 3% and 5% for 7.4% and 1% of patients, respectively. During evaluation of serial arm volume changes, the measurement errors reflect errors made at baseline and follow-up; a simple mathematical calculation shows that the magnitude of such errors increases by a factor O2 z 1.41 with respect to measurement errors at one time point. Our data indicate that the discrepancies of serial changes in right/left volume ratios would exceed 3% for 17% of patients and exceed 5% for 5.8% of patients. Therefore, caution should be taken in interpreting perometry results if only a single measurement of each arm is obtained.
We were able to substantially reduce this error by obtaining two measurements of each arm at each time point. If the two measurements are in agreement, with less than 1% difference, the mean of these two measurements is used. If the difference is greater than 1%, a third measurement is obtained and the median value used. This effectively eliminates large occasional errors: if the probability of an error exceeding 5% a single sitting is standardized. For all subsequent measurements, the perometer is set at the same length. Because of variations in individual patient extension, axillary discomfort, or flexibility, minor adjustments in the length may be required for later measurements, but this length is standardized for all measurements within a single sitting/visit. Procedures: At each sitting, patients are measured twice on each extremity (right, right, left, left). All measurements are taken at the same length; if the perometer does not read all measurements at the same length, an additional set of measurements are taken. After two measurements are taken on each extremity, the volumes are evaluated to discern whether a third set is required because of difference of >1%. The frame is moved slowly and at a consistent rate across the extremity both on the initial and return pass.
is 0.01 in a single measurement, the probability of two such errors in two trials is 0.0001 (the chances are still lower that the erroneous measurements will agree within 1%), and the probability of two erroneous measurements exceeding 5% in three trials is <0.0003.
The asymmetry between volumes of ipsilateral arm (A) and contralateral arm (U) can be calculated as either the difference A À U or the ratio A/U. The statistical distribution of the difference A À U is nonnormal and strongly skewed; furthermore, these differences cannot be subject to logtransformation because they might be zero or negative. On the other hand, we found that the statistical distribution of A/U at baseline approximates a log-normal distribution, and that the distribution of ratios of A/U over time is also log-normal. These findings suggest that a better measure of the asymmetry between arms is the ratio rather than difference, and that ratios of such ratios should be used for comparison between different time points. Consequently, we propose the following formula for RVC, which takes into account both asymmetry between arms and temporal changes:
where A 1 , A 2 are arm volumes on the side of treated breast at baseline and during follow-up, and U 1 , U 2 are arm volumes on the opposite (untreated) side; a unit is subtracted from the result to get a more intuitive interpretation whereby no change corresponds to zero rather than 1. It can be shown by algebraic re-arrangement that RVC formula expresses the relative change of A/U ratio over time. Our formula for RVC can be also thought of as a simple approximation to log-transformed ratio of ratios (21), a measure found to have a normal distribution.
Our RVC formula accounts for baseline asymmetry between arms. On the basis of our data, baseline asymmetry can be substantial: baseline A/U were below 0.954 for 10% of patients and exceeded 1.053 for another 10% of patients; for 11.2% of patients the baseline volume of ipsilateral arm exceeded the volume of contralateral arm by 5% or more. Accounting for baseline asymmetry is particularly important when monitoring for mild lymphedema, because the lack of such adjustment might seriously diminish the specificity of the diagnosis.
Using RVC, we studied the longitudinal relationship with time since surgery, and patient-specific factors: baseline A/U ratio, age, baseline weight, body mass index, weight changes over time, time since diagnosis, and dominant arm, as well variation in arm length used for perometer measurements. Time since surgery was not significant for prediction of expected value of RVC but correlated strongly with extent of patient-to-patient variation (p < 0.0001) (a likely cause of this phenomenon is development of lymphedema in a small subset of patients). The patient baseline weight had a statistically significant effect on RVC, but interestingly body mass index, or changes of patient weight over time, did not have such an effect. The length of arm evaluated during a perometer measurement was not correlated with RVC; therefore, if this parameter is kept constant during a single perometry session, its effects on the volume of each arm cancel each other in RVC, consequently arm length does not necessarily need to be standardized and kept constant over follow-up.
Although our study used perometer measurements, the RVC equation could also be evaluated for other techniques based on bilateral measurements of arm sizes, for example, arm circumference, or water displacement. With repeated measurements of the same arm, a similar principle can be used to select a representative measurement; furthermore, the variation between arms, between patients, and variation over time does not depend on instrumental errors of a particular technique. For the sake of comparability, the RVC formula should be always used to quantify volume changes. That is, when circumference measurements are used, they should not be used in place of volumes, but rather the volume of each arm needs to be calculated (we suggest using the standard frustum formula [22] ), then RVC formula applied to the calculated volumes.
In conclusion, there is no standard quantitative index available for reporting serial assessment of lymphedema. Therefore, it is difficult to describe epidemiology, clinical course, and treatment of lymphedema, to compare different studies, and apply the results of clinical research to clinical practice. We propose the use of our protocol and formula for quantification of RVC, (A 2 U 1 )/(U 2 A 1 ) À 1, for standardized reporting of volumetric monitoring of lymphedema both in clinical practice and research.
